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Abstract
Nitric oxide (NO) and its derivatives peroxynitrite and S-nitrosothiols inhibit mitochondrial respiration by various means,
but the mechanisms and/or the reversibility of such inhibitions are not clear. We find that the NO-induced inhibition of
respiration in isolated mitochondria due to inhibition of cytochrome oxidase is acutely reversible by light. Light also acutely
reversed the inhibition of respiration within iNOS-expressing macrophages, and this reversal was partly due to light-induced
breakdown of NO, and partly due to reversal of the NO-induced inhibition of cytochrome oxidase. NO did not cause
inhibition of complex I activity within isolated mitochondria, but 0.34 mM peroxynitrite, 1 mM S-nitroso-N-
acetylpenicillamine or 1 mM S-nitrosoglutathione did cause substantial inhibition of complex I activity. Inhibition by
these reagents was reversed by light, dithiothreitol or glutathione-ethyl ester, either partially or completely, depending on the
reagent used. The rapid inhibition of complex I activity by S-nitroso-N-acetylpenicillamine also occurred in conditions where
there was little or no release of free NO, suggesting that the inhibition was due to transnitrosylation of the complex. These
findings have implications for the physiological and pathological regulation of respiration by NO and its derivatives. ß 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction
Nitric oxide (NO) and its derivatives, peroxynitrite
(ONOO3) and S-nitrosothiols (RSNO) inhibit mito-
chondrial respiration by various means, and this in-
hibition may potentially be involved in regulation of
energy metabolism, cell death or in£ammatory and
neurodegenerative pathology [1^4]. NO, at low con-
centrations, is a relatively speci¢c and reversible in-
hibitor of cytochrome c oxidase, by binding to the
oxygen-binding site of cytochrome c oxidase in com-
petition with oxygen. Since this binding of NO to
cytochrome c oxidase has been shown to be reversed
by light, at least at low temperatures [5], we sought
to determine whether the NO-induced inhibition of
respiration could in turn be reversed by light. In
contrast to NO, peroxynitrite, which is formed
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when NO reacts with superoxide, is a strong oxidant
and can ‘irreversibly’ inhibit multiple mitochondrial
components, including complex I, complex II, com-
plex IV, the ATP synthase, creatine kinase, and aco-
nitase [1,6,7]. The reversibility of these ‘irreversible’
inhibitions has not been previously characterised,
and we sought here to determine the reversibility of
the peroxynitrite-induced inhibition of complex by
light and thiols. S-Nitrosothiols are formed when
NO reacts directly or indirectly with thiols such as
glutathione or cysteine residues in proteins. The
NO group of nitrosothiols may be transferred di-
rectly to other reduced thiols, a process known as
transnitrosylation, and this may potentially regulate
protein functions [8]. S-Nitrosylation of protein thi-
ols can be reversed by light or reduced thiols, such as
glutathione. S-Nitrosothiols appear to regulate crea-
tine kinase [9,10] and the mitochondrial permeability
transition pore [11], but their actions on mitochon-
drial respiration are poorly characterised.
We and others [12^14] have previously shown that
incubation of cells with a pure NO donor (DETA-
NONOate; 2,2P-(hydroxynitrosohydrazino)bis-ethan-
amine) results in an immediate inhibition of cellular
respiration at cytochrome c oxidase, which is com-
pletely reversed by removing the NO (by adding hae-
moglobin). However, after several hours of incuba-
tion with NO donor the cells additionally show an
inhibition of respiration, which is not reversible by
removing NO. This component of respiratory inhibi-
tion appears to be due to inhibition of complex I,
and the inhibition of both cellular respiration and
complex I is reversed by light and thiols (such as
glutathione-methyl ester or dithiothreitol). Since
S-nitrosothiols are sensitive to light and thiols, this
result suggested to us that the inhibition of complex I
was due to S-nitrosylation of a critical thiol residue
in complex I [12]. NO inhibition of complex I might
be important in regulation of energy metabolism,
defence against pathogens, ischaemic damage to mi-
tochondria or neurodegenerative disease [1,2]. How-
ever, it is not clear whether such NO-induced inhibi-
tion of complex I is mediated by nitrosothiols,
peroxynitrite or NO directly. In this work we sought
to determine the relative e¡ects of NO, peroxynitrite
and nitrosothiols on complex I activity, and the
reversibility of any such inhibition by light and
thiols.
2. Methods
Rat heart mitochondria were isolated by standard
procedures of homogenisation and subsequent di¡er-
ential centrifugation [15]. The homogenisation me-
dium contained 180 mM KCl, 20 mM Tris-HCl,
1 mM EGTA (pH 7.4). The ¢nal mitochondrial pel-
let was suspended in the same medium and stored on
ice. Protein concentration was determined by the
biuret method.
Mitochondrial respiration was measured with a
Clark type oxygen electrode in 1 ml mitochondrial
incubation medium containing 110 mM KCl, 10 mM
Tris-HCl, 5 mM KH2PO4, 50 mM creatine, 1 mM
MgCl2, 1 mM pyruvate+1 mM malate (pH 7.2). Mi-
tochondrial state 3 respiration rate was obtained by
adding 1 mM ATP, which is converted to ADP by
mitochondrial creatine kinase. The incubation vessel
also contained an NO electrode to measure NO con-
centration. All experiments were performed in a ther-
mostatted vessel at 37‡C.
Non-activated macrophages (J774 murine macro-
phage cell line) were maintained in suspension cul-
ture in Dulbecco’s modi¢ed Eagle’s medium
(DMEM) with 10% foetal calf serum, 100 units/ml
penicillin+streptomycin. Activated macrophages
were prepared by incubating them in DMEM with
10 Wg/ml lipopolysaccharide (from Salmonella typhi-
murium) and 50 units/ml interferon-Q in the presence
of 0.2 units/ml arginase. The cells were used after 4 h
in stirrer culture. For the experiments cells were cen-
trifuged, washed and resuspended at a density of
5U106 cells/ml in an incubation medium consisting
of 118 mM NaCl, 4.8 mM KCl, 1.2 mM KH2PO4,
1.2 mM MgSO4, 1 mM CaCl2, 11 mM glucose, 25
mM HEPES, pH 7.4.
NO saturated solution in water was prepared by
bubbling NO gas (MG Gas Products) through the
deoxygenated with nitrogen water for 15 min. The
concentration of NO solution was taken as 2 mM
[16].
Mitochondria and cells were illuminated by a Fi-
ber Optic Illuminator (WPI, 150 W halogen bulb)
located 3 cm from the centre of the incubation vessel.
Peroxynitrite was synthesised by reacting acidi¢ed
H2O2 with a nitrite solution as described in [17]. The
concentration of the peroxynitrite used for each ex-
periment was determined daily (O302nm = 1670 M31
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cm31). 1^3 Wl of concentrated (70^142 mM) peroxy-
nitrite solution were added to mitochondria in incu-
bation bu¡er (0.25 mg mitochondrial protein in
0.5 ml bu¡er). The change of pH of the mitochon-
drial incubation bu¡er after addition of peroxynitrite
was not higher than 0.6 units and did not exceed pH
7.8. A similar change of pH induced by addition of
1 M NaOH did not signi¢cantly inhibit mitochon-
drial respiration or complex I activity. Because per-
oxynitrite rapidly decomposes at neutral pH, we
performed additional control experiments under con-
ditions where all the peroxynitrite has decomposed:
1^3 Wl of concentrated peroxynitrite were added to
0.5 ml incubation bu¡er, and 5 min later mitochon-
dria were added.
In order to measure complex I activity after mea-
surement of mitochondrial respiration rate mito-
chondria were taken out of the oxygen electrode ves-
sel and centrifuged in an Eppendorf centrifuge
(13 000 rpm, 3 min). Pellets were resuspended in 10
mM KH2PO4 (pH 8) and freeze-thawed at least 3
times. Complex I activity was measured as described
in [18], from the rate of NADH oxidation in the
presence of added coenzyme Q1.
3. Results
3.1. Light reverses NO-induced inhibition of
mitochondrial respiration.
It has previously been shown that addition of NO
to isolated mitochondria causes an immediate, re-
versible inhibition of respiration at cytochrome c ox-
idase [19]. We tested whether light could reverse the
NO-induced inhibition of respiration at the cyto-
chrome c oxidase. Fig. 1 shows the e¡ects of NO
and light on mitochondrial respiration. 2 WM NO
caused immediate inhibition of mitochondrial respi-
ration, and this inhibition was reversible as the NO
broke down. The mitochondrial respiration rate
gradually increased up to the preinhibition rate
when all the NO had decayed (Fig. 1B). When mi-
tochondria were exposed to light the breakdown rate
of NO increased: at 80^120 WM oxygen and 1 WM
NO the breakdown rate was 0.413 þ 0.054 nmol/min
in control and 0.690 þ 0.162 nmol/min at maximal
light. Light had no e¡ect on NO breakdown in
the absence of mitochondria (data not shown).
Light also reversed NO-induced inhibition of mito-
chondrial respiration: when mitochondria were illu-
minated by a 150 W lamp at maximal intensity
respiration rate returned to pre-inhibition rate imme-
diately (Fig. 1C,E). Note that the level of NO at that
time was still high enough (about 1.4 WM) to cause
maximal inhibition of respiration in the absence of
Fig. 1. E¡ects of NO and light on heart mitochondrial respira-
tion. Mitochondria (0.4 mg) were incubated in a vessel contain-
ing oxygen and NO electrodes in order to measure simultane-
ously respiration rate (upper trace) and NO concentration
(lower trace). Where indicated, 1 Wl of 2 mM NO solution in
water was added. Mitochondria were illuminated by a Fiber
Optic Illuminator with controlled lighting. For dark conditions
the incubation vessel was covered with a black plastic bag. All
traces represent a typical experiment repeated on ¢ve separate
mitochondrial preparations. Numbers in parentheses show res-
piratory rate in natom O/min/mg protein. (A,C,E) Maximal il-
lumination applied where indicated; (B) control (daylight); (D)
in the dark.
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light. This was evident when after a short time of
illumination of NO-treated mitochondria the light
was turned o¡ and mitochondrial respiration rate
was immediately inhibited again even at a lower
(about 0.9 WM) NO concentration (Fig. 1E). Even
ordinary daylight reduced NO-induced inhibition of
respiration (Fig. 1B) if compared to inhibition in the
dark (Fig. 1D). Light had no e¡ect on mitochondrial
respiration rate in the absence of NO (Fig. 1A). The
temperature change of the mitochondrial incubation
medium after exposure to maximal intensity light for
15 min was less than 1‡C. Thus, these data show that
inhibition of mitochondrial respiration by NO is
light-dependent.
It has previously been shown that macrophages
activated to express iNOS produce su⁄cient NO to
inhibit cellular respiration at cytochrome c oxidase
[20]. Next we investigated whether light could reverse
the inhibition of respiration resulting from endoge-
nously produced NO in activated macrophages. The
steady-state level of NO produced by macrophages
(5U106 cells/ml) after 5^6 h of activation was
1.21 þ 0.14 WM (n = 2). As can be seen from Fig.
2A, the endogenously produced NO caused inhibi-
tion of cellular respiration. Light caused an immedi-
ate increase in respiratory rate to the level similar to
that in the presence of oxyhaemoglobin which re-
moves NO from the medium. We found that light
substantially increased the NO breakdown by non-
activated macrophages: at 80^120 WM oxygen and
0.5 WM NO the NO breakdown rate was
0.531 þ 0.094 and 1.120 þ 0.048 nmol/min/5U106
cells in control and maximally illuminated macro-
phages, respectively. A similar e¡ect was observed
in activated macrophages (Fig. 2A). However,
though light stimulated breakdown of NO, its level
at the time when maximal respiration rate was
achieved was high enough to substantially inhibit
respiration (Fig. 2A). Thus light can reverse the in-
hibition of cellular respiration induced by endoge-
nously produced NO. Light had no signi¢cant ef-
fect on the respiration rate of control macrophages
(Fig. 2B).
3.2. Light reverses inhibition of complex I induced by
peroxynitrite and nitrosothiols
It has previously been shown that although NO
inhibits cytochrome oxidase reversibly, prolonged ex-
posure of cells to NO results in persistent inhibition
of mitochondrial respiration at complex I, possibly
due to S-nitrosylation of the complex [12]. We inves-
tigated whether inhibition of heart mitochondrial
complex I activity by ONOO3 and nitrosylating
NO donors can be reversed by light, dithiothreitol
(DTT) or reduced glutathione which are known to
remove nitrosothiols from proteins. Addition of
ONOO3 to mitochondria respiring on pyruvate+ma-
late caused a dose-dependent inhibition of activity of
complex I of the respiratory chain: it decreased from
0.194 þ 0.03 Wmol/min/mg (control) to 0.079 þ 0.012
and 0.025 þ 0.001 Wmol/min/mg at 0.340 mM and
1.14 mM ONOO3, respectively. In further experi-
Fig. 2. E¡ect of light on respiration of control and activated
macrophages. (A) Activated macrophages (5U106 cells/ml) were
incubated in the vessel as in Fig. 1. Addition of 0.5 mM L-argi-
nine caused production of NO by activated macrophages and
inhibition of their respiration. Illumination of cells with maxi-
mal light caused an immediate increase in respiration rate and
decrease in NO concentration. The NO was completely re-
moved by adding 20 WM oxyhaemoglobin, resulting in reversal
of the inhibition of respiration. (B) L-Arginine, light and oxy-
haemoglobin had no e¡ect on respiration of non-activated mac-
rophages. Numbers in parentheses show respiratory rate in na-
tom O/min/5U106 cells/ml. Traces are representatives of three
experiments on both activated and non-activated macrophages.
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ments 342 þ 8 WM ONOO3 was used, which caused
about 70% inhibition of mitochondrial respiration in
state 3 and suppression of complex I activity by
about 60%. Addition of ONOO3 to the incubation
medium 5 min before mitochondria (‘decomposed
ONOO3’ in Fig. 3) had no detectable e¡ect on mi-
tochondrial respiration or complex I activity indicat-
ing that suppression of mitochondrial function was
due to ONOO3 itself rather than to a change in pH
of the incubation medium or other components of
the ONOO3 solution or its breakdown products.
Light caused a partial (75%) reversal of the
ONOO3-induced inhibition of complex I (Fig. 3).
DTT or membrane-permeable reduced glutathione-
ethyl ester (GSH) completely reversed inhibition of
complex I. The e¡ect of light and both reducing
agents on ONOO3-inhibited respiration was only
partial: the respiratory rate (in natoms O/min/mg
protein) was 181 þ 22 in control, 54 þ 10 in 0.34
mM ONOO3-treated mitochondria and 98 þ 22 after
illumination, 107 þ 6 and 81 þ 26 after incubation of
ONOO3-treated mitochondria with GSH and DTT,
respectively.
After 10^15 min incubation of isolated mitochon-
dria with nitrosylating NO donor S-nitrosogluta-
thione (GSNO) mitochondrial respiration (in the
presence of excess oxyhaemoglobin to bind NO)
was inhibited by about 52% (data not shown). Com-
plex I activity was also inhibited by 55% (Fig. 4A).
The steady-state level of NO produced by GSNO
was 1.6^1.9 WM. This complex I inhibition was com-
Fig. 3. E¡ect of ONOO3, light and reducing agents on complex
I activity in isolated heart mitochondria. Mitochondria were in-
cubated in incubation bu¡er containing 150 mM KCl, 10 mM
Tris-HCl, 5 mM KH2PO4, 1 mM MgCl2, 1 mM pyruvate+
1 mM malate (pH 7.2). 340 WM ONOO3 was added to mito-
chondria respiring in state 2 and 1 mM ADP was added 2 min
later. Mitochondria were illuminated or treated with 2 mM
DTT and 2 mM GSH for 7^15 min until steady-state respira-
tion rate was achieved. Then mitochondria were centrifuged
and complex I activity was measured as described in Section 2.
Data are means þ S.E. from 3^6 experiments. *P6 0.05 if com-
pared to control.
Fig. 4. E¡ect of nitrosothiols on complex I activity. Mitochon-
dria (0.5 mg) were incubated in 1 ml incubation medium (see
Section 2) for 10^15 min with 1 mM GSNO (A) or 1 mM
SNAP +1 mM 1,10-phenanthroline in the dark conditions (B).
Phenanthroline was omitted in the experiments where 2 WM
CuSO4 was used (the last column in B). After incubation mito-
chondria were centrifuged, resuspended in 1 ml of incubation
medium (see Section 2) and exposed to light or treated with
4 mM DTT or 4 mM reduced glutathione-ethyl ester for
30 min. Then mitochondria were centrifuged and complex I ac-
tivity was measured as described in Section 2. Data are means
þ S.E. from 2^5 experiments. *Statistically signi¢cant di¡erence
from control (P6 0.05).
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pletely reversed after 30 min exposure of mitochon-
dria to light. DTT and GSH were less e⁄cient: com-
plex I activity was lower than in control by 24% after
incubation with DTT or GSH (Fig. 4A). Another
nitrosylating NO donor S-nitroso-N-acetylpenicil-
lamine (SNAP) caused similar inhibition of complex
I (Fig. 4B) and mitochondrial respiration: state 3
respiratory rate in the presence of excess oxyhaemo-
globin was (in natom O/min/mg protein) 147 þ 26 in
control and 31 þ 10 in 1 mM SNAP-treated mito-
chondria. Interestingly, SNAP inhibited complex I
even in the dark and in the presence of chelators of
transition metals, EDTA and 1,10-phenanthroline,
conditions that are known to prevent NO release
from S-nitrosothiols: activity of complex I was
0.022 þ 0.011 and 0.011 þ 0.006 Wmol/min/mg with
2.5 mM EDTA and 1 mM phenanthroline, respec-
tively. The level of NO released from 1 mM SNAP in
the dark was 0.055 þ 0.008 WM in the presence of
1 mM phenanthroline, and from 0.5 mM SNAP
0.018 þ 0.002 WM and 0.008 þ 0.005 WM with 2.5
mM EDTA and 1 mM phenanthroline in the me-
dium, respectively. Note that 1 mM SNAP in the
presence of 2 WM CuSO4 caused a similar inhibi-
tion of complex I as in the presence of metal ion
chelators though the level of NO was higher than
the detection limits of the NO meter (s 10 WM
NO). Authentic NO (maintained at 2^4 WM concen-
tration for 10^15 min by repeated addition of au-
thentic NO) did not cause signi¢cant inhibition of
complex I during a similar time of incubation: the
activity after treatment with NO was 0.150 þ 0.010
Wmol/min/mg compared to 0.130 þ 0.011 Wmol/min/
mg in control mitochondria. DTT or GSH com-
pletely reversed inhibition of complex I activity by
SNAP, whereas exposure to light for 30 min in-
creased the activity to about 70% of control level
(Fig. 4B).
4. Discussion
NO inhibits respiration by reversible binding to
the oxygen binding site of cytochrome c oxidase
[4]. It has previously been shown that light can in-
duce the dissociation of NO from the oxidase at low
temperatures (6 50 K) as indicated by the disappear-
ance of the EPR signal of the NO-oxidase complex
[5]. But at higher temperatures (s 50 K) the reasso-
ciation of NO with the oxidase is so rapid that it is
unclear whether steady illumination would reverse
the NO-induced inhibition of the complex. Here we
show that continuous illumination with relatively lit-
tle light (150 W lamp) at a physiological temperature
(37‡C) can acutely and completely reverse the NO-
induced inhibition of mitochondrial respiration. We
did not systematically investigate the wavelength de-
pendence of the reversal, but we found that illumi-
nation with a bandpass ¢lter with maximum trans-
mittance at 425 nm (removing light 6 390 nm and
s 480 nm) was also highly e¡ective at reversing the
NO-induced inhibition of respiration. As this wave-
length of light is maximal for absorbance and disso-
ciation of the NO-oxidase complex [5], this is consis-
tent with the light-induced reversal of NO inhibition
being due to light-induced dissociation of the NO-
oxidase complex. This light dependence of NO inhi-
bition might explain the apparent discrepancy be-
tween the levels of NO required to bind the oxidase
and those required to inhibit the oxidase [1], as the
former is measured spectrally which might cause sig-
ni¢cant dissociation of the NO-oxidase complex. The
light dependence of the NO inhibition of respiration
has no obvious physiological relevance in animals,
but might be physiologically relevant in plants or
microbes. This e¡ect might also be experimentally
useful if it could be dissociated from light-induced
NO breakdown.
NO does not acutely inhibit complex I, but cells
incubated with an NO donor (DETA-NONOate) for
several hours develop an inhibition of complex I,
which in contrast to the inhibition of cytochrome c
oxidase is not reversed by removing NO, but is re-
versed by light and thiols [12^14]. This inhibition
may be important since it appears to be responsible
for the irreversible inhibition of cellular respiration
by NO donors, and thus may be relevant to physio-
logical or pathological regulation of respiration.
However, it is not clear whether the inhibition is
due to a direct e¡ect of NO, or its derivatives per-
oxynitrite or nitrosothiols. We show here that the
inhibition of complex I activity in isolated mitochon-
dria by peroxynitrite, SNAP or GSNO is also parti-
ally or completely reversed by light or reduced thiols.
This indicates that the NO-induced inhibition of
complex I could in principle be due to conversion
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of NO to peroxynitrite or nitrosothiols, but this still
does not rule out the possibility that NO itself could
directly nitrosylate the complex. The ¢nding that the
peroxynitrite-induced inhibition of complex I is par-
tially reversed by light or thiols suggests that such
inhibition may be partly mediated by peroxynitrite-
induced nitrosylation of a critical thiol within the
complex, since nitrosothiols are known to be broken
down by light or thiols [8]. Such a nitrosylation of
protein thiols might be caused by peroxynitrite itself,
an intermediate breakdown product of peroxynitrite,
or after transfer of an NO group to a soluble thiol
such as glutathione [8].
We show here that the nitrosothiol SNAP can
rapidly inhibit complex I activity even in condition
where very little free NO is produced, suggesting that
the inhibition is due to direct nitrosylation of com-
plex I. This raises the possibility that complex I ac-
tivity may be physiologically or pathologically regu-
lated by nitrosothiols. Low levels of nitrosothiols are
normally present in plasma, and higher levels may be
produced during in£ammation [8]. Nitrosothiol-in-
duced nitrosylation of protein thiols has been sug-
gested to regulate the function of a number of cellu-
lar proteins [8], but as such nitrosylations are usually
rapidly reversed by glutathione they may not signi¢-
cant unless cellular glutathione levels are decreased
[14].
Complex I has been found to be inhibited in a
number of pathologies, such as ischaemia/reperfusion
of cardiac myocytes, Parkinson’s disease, and macro-
phage-induced killing of tumour cells [2,21^23].
These pathologies have been linked to excessive
NO or peroxynitrite production, but whether the as-
sociated inhibitions of complex I are due to NO or
its derivatives is unknown.
High levels of NO or expression of the inducible
isoform of NO synthase have previously been shown
to damage the iron-sulphur centres of complex I,
removing iron from these centres as an EPR-detect-
able (g = 2.04) iron-sulphur dinitrosyl complex ^
Fe(RS)2(NO)2 [21^23]. The relation between this
damage and the inhibition reported here is unclear,
but it is possible that NO-, peroxynitrite- and nitro-
sothiol-induced inhibitions of the complex are all oc-
curring at one or more iron-sulphur centres in com-
plex I. This might occur if an NO group were
transferred to the sulphur or iron atoms of the
iron-sulphur centres. Such a modi¢cation might dis-
rupt the function of the centre but still be reversible
by light or thiols. But more extensive nitrosylation of
sulphur or iron atoms within the centres might lead
to loss of the iron as iron-sulphur dinitrosyl com-
plexes, causing an inhibition of complex I that is
not reversible.
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